However, the biomechanical properties of the tissues regenerated through these treatment options are mediocre compared with those of native articular cartilage. 2, 3 Furthermore, the repair and regeneration of muscle tissue (for example, tongue muscle) after traumatic injuries frequently exhibit a challenging clinical situation in the craniofacial region. Substantial esthetic and functional issues will arise if a significant amount of tissue is lost because of the inability of the native muscle tissue to regrow and fill the defect site. To find an alternative treatment option for the reconstruction of craniofacial tissue, clinicians and scientists have been analyzing new approaches in craniofacial tissue regeneration to maximize patient benefit and minimize related complications. Craniofacial tissue regeneration using mesenchymal stem cells (MSCs) presents an advantageous alternative therapeutic option. [4] [5] [6] [7] MSCs are multipotent cells that are capable of multiple lineage differentiation based on the presence of inductive signals from the microenvironment. [7] [8] [9] [10] MSCs reside in a wide spectrum of postnatal tissue types [10] [11] [12] [13] [14] [15] and have been successfully isolated from several orofacial tissues. [12] [13] [14] [15] [16] [17] [18] Studies have confirmed the self-renewal and multilineage differentiation capacities of orofacial-derived MSCs and have shown that they have better growth properties than bone marrow mesenchymal stem cells (BMMSCs). [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Therefore, dental MSCs are attractive for craniofacial applications as they may be better at differentiating into craniofacial tissues (Fig. 1) . [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Biomaterials are widely used to engineer the physiochemical properties of the extracellular cell microenvironment to tailor niche characteristics and direct cell phenotype and differentiation. Such interactions between stem cells and biomaterials have largely been studied by introducing the cells into 2-or 3-dimensional scaffolds, or by encapsulating the cells within hydrogel biomaterials. [30] [31] [32] Alginate hydrogel has been used extensively as a vehicle for stem cell delivery in tissue regeneration. 31, 32 The ability to control the spatial presentation of alginate enables the examination of the effects of alginate hydrogel on stem cell differentiation in a systematic way. [30] [31] [32] [33] In the current review, the application of dentalderived MSCs and alginate hydrogel for potential applications in craniofacial tissue regeneration is emphasized.
DENTAL-DERIVED MSCs
Collecting and using a sample of autologous cells from the diseased organ or tissue is the major contemporary approach for tissue engineering. However, this process might not yield sufficient cells for implantation procedures, especially in patients with extensive end-stage organ failure. In addition, from organs such as the pancreas, the isolation and expansion of primary autologous human cells might not be feasible. In these instances, other sources of cells for cell therapy, including pluripotent human embryonic stem cells or MSCs, might be a promising alternative. The combination of novel stem cell sources for cell therapy applications and concepts of tissue engineering can introduce novel treatment options for organ replacement. The presence of MSCs in a wide range of adult tissues and their multilineage differentiation capability have made them an attractive source for tissue regeneration applications. 34, 35 "Stem cell" refers to a clonogenic, undifferentiated cell that is capable of selfrenewal (the ability to go through numerous cell division cycles while maintaining the undifferentiated state) and multilineage differentiation (potency or plasticity, which is the capacity to differentiate into specialized cell types). Stem cells can be totipotent, which means they can recreate the entire organism; pluripotent, which means they can create tissues of all 3 germ layers (ectoderm, mesoderm, and endoderm); or multipotent, which means they can produce cell types from more than one (but not all) lineage. [34] [35] [36] [37] Embryonic stem cells (derived from inner cell mass of preimplantation embryo) have been categorized as predominately pluripotent. 38 Adult stem cells (derived from many ectodermal and mesodermal organs in adults), however, are mainly multipotent. Compared with the pluripotent and almost immortal nature of embryonic stem cells, adult stem cells appear more mature with a finite life span and only multipotent differentiation capacity. 38 Adult stem cells (also known as somatic stem cells) are undifferentiated cells found in specialized tissues and organs of adults. In particular, bone marrow (BM) contains hematopoietic stem cells. These were the first type of adult stem cells identified as also being able to form all types of blood cells. BMMSCs can generate bone, cartilage, fat, and fibrous connective tissue. Friedenstein et al 39 first identified MSCs in human BM. These cells have been defined as a population of postnatal stem cells hierarchically organized with the capacity to differentiate into specialized cells of at least one mesenchymal lineage such as bone, cartilage, fat, muscle, or neuronal cells. [40] [41] [42] Currently, multipotent MSCs from BM and MSC-like populations are considered to be the reference standard for cell therapies. Populations of MSCs derived from adipose tissues and umbilical cord blood have been shown to be promising alternative multipotent MSC sources. Studies have confirmed that these MSCs have multilineage differentiation capacity. 42, 43 In the past decades, the search for MSC-like cells in different tissues has led to the discovery of a wide range of stem cells in almost every organ and tissue in the body. For instance, multipotent MSCs have been identified and extracted in organs such as the liver, placenta, lung, and skin. [40] [41] [42] [43] MSC derived from dental and orofacial tissues are another example of stem cells residing in specialized tissues that have recently been isolated and characterized. 12 The first type of dental stem cell was isolated from the human pulp tissue and termed postnatal dental pulp stem cells. 12 Subsequently, more types of dental-MSClike populations were isolated and characterized, namely, stem cells from exfoliated deciduous teeth, 13 periodontal ligament stem cells (PDLSCs), 14 stem cells from apical papilla, 15, 16 dental follicle precursor cells, 17 and more recently gingival mesenchymal stem cells (GMSCs). 18, 19 The detailed relationship among these types of stem cell populations is still unclear. Initially, it was hypothesized that because dental and orofacial tissues are specialized tissues that do not undergo continuous remodeling as do osteogenic tissues, MSCs derived from them may be more committed or restricted in their differentiation potency than human BMMSCs (hBMMSCs). Several studies have compared the properties of dental-and orofacial-derived MSCs with those of BMMSCs and have confirmed the multidifferentiation capacity of dental-and orofacial-derived MSCs. [19] [20] [21] [22] [23] [24] Moreover, a subpopulation of stem cells derived from human dental pulp has been identified with osteogenic differentiation capacity that can form bonelike tissues in vivo. 20 In contrast with hBMMSCs, dental-derived MSCs are more committed to be differentiated to odontogenic tissues rather than osteogenic tissues. [22] [23] [24] In addition to their osteogenic potential, several studies have reported that subpopulations of dental-derived MSCs have adipogenic and neurogenic differentiation potential as they exhibit adipocyte-and neuronal-like cell morphologies and high expression levels for related gene markers. [18] [19] [20] [21] [22] [23] [24] [25] More recent studies have confirmed that dental-derived MSCs have better growth properties than hBMMSCs. [22] [23] [24] Among dental-derived stem cells, PDLSCs and GMSCs are of special interest as they are easily accessible and can be found in the oral environment. Similar to dental pulp tissue, they can also be obtained as a discarded biological sample. Several research groups have identified and isolated GMSCs from human gingival tissues. GMSCs have several advantages over BMMSCs; for example, GMSCs are easy to isolate, homogenous, and proliferate faster than BMMSCs. [18] [19] [20] [21] [22] [23] In addition, collecting gingival tissue is more straightforward than collecting BM and the healing of the donor site is faster without any morbidity or scar formation. 18, 19 GMSCs display stable morphology and do not lose MSC characteristics after multiple cell division cycles, maintaining normal karyotype and telomerase activity in long-term cultures. 18 Other studies have confirmed that GMSCs exhibit stem cell-like properties and immunomodulatory characteristics similar to human BMMSCs. 19, [21] [22] [23] In vivo studies have demonstrated that GMSCs could repair the mandibular and calvaria defects in a rat surgical reconstruction model showing that GMSCs could be a promising source for stem cell-mediated bone tissue engineering application. 27, 28 Several other studies have confirmed multilineage differentiation capacity and the self-renewal capacity of GMSCs. [18] [19] [20] [21] [22] [23] Mitrano et al 27 reported that GMSCs can be differentiated to osteogenic, chondrogenic, and adipogenic tissues under specific differentiation in the same way as the multilineage adult BMSCs. They concluded that the GMSCs might have therapeutic applications in tissue regeneration.
Periodontal ligament (PDL) contains cell populations that can differentiate into cementoblasts or osteoblasts. [21] [22] [23] MSCs derived from PDL tissues can regenerate periodontal tissue. [21] [22] [23] Studies have confirmed that MSCs retrieved from PDL tissues exhibit postnatal stem cell properties, confirming PDL tissue as a promising source of cells with stem cell-like regenerative characteristics that can be successfully used for periodontal tissue engineering. [21] [22] [23] Human PDLSCs have been successfully isolated from extracted human teeth and ex vivo-expanded PDLSCs are capable of regenerating a typical cementum/PDL-like structure when transplanted into immunocompromised mice using hydroxyapatite/ tricalcium phosphate as a carrier. 29 
ALGINATE HYDROGEL AS SCAFFOLD FOR TISSUE ENGINEERING
Microscopically, a hydrogel is a network of cross-linked polymer chains interspersed with water molecules. These polymer chains can have a low modulus of elasticity and exhibit tissuelike flexibility because of their high water content. 44, 45 Macroscopically, a hydrogel is a porous material. The pore size can selectively allow only certain sizes of soluble molecules or cells to go through and promote angiogenesis. 46 Hydrogel pore size can be altered by using different methods, including gas foaming, electrospinning, and solvent casting. 46 Microscopic manipulations of cross-link density and backbone hydrophilicity, in addition to macroscopic modulation of pore size, can alter both the physical and biological properties of synthetic hydrogels. 47, 48 Hydrogels are capable of forming 3-dimensional matrices for the encapsulation of cells or sensitive bioactive molecules. Many natural and synthetic hydrogel biomaterials have been used for craniofacial tissue regeneration and repair. The most frequently used natural biomaterials are alginate, gelatin, collagen, and fibrin, while synthetic biomaterials, including the synthetic polyesters PLA and PLGA, are the most frequently used in biomedical applications. 45 Alginates are natural heteropolysaccharides isolated from brown sea algae. Alginate belongs to a family of linear block polyanionic copolymers composed of (1-4)-linked-L-guluronic acid (G units) and (1-4)-linked-Dmannuronic acid (M units) that differ in amount and serial distribution along the polymer chain depending on the source of the alginate. 49 Alginate hydrogel forms stable hydrogels in the presence of certain divalent cations, including Ca 2+ and Ba
2+
, through the ionic interaction between the cation and the carboxyl functional group of G units located on the polymer chain. The composition and sequential structure of alginate are often a key functional attribute, and variations in the composition and/or the sequential structure may change the performance of an alginate for a particular end use. As alginates are macromolecules of a heterogeneous structure with no regular repeating unit, the alginate molecule cannot be described by the monomer composition alone. Because of its inherent biocompatibility, alginate hydrogel has been recognized as a promising biomaterial for biomedical applications. 48 Other unique properties of alginates include modifiable immunosuppression 50 and degradation 51 properties, making alginate a US Food and Drug Administrationeapproved biomaterials. 52 Alginate presents a large number of pendant carboxylic acid groups, which provide sites for heterogeneous mineral nucleation. Furthermore, the gel properties of alginate allow for diffusion of biologically active species both into and out of the matrix, ensuring cell viability and allowing the secretion of pharmacological molecules as well as the proper excretion of waste molecules. While allowing for fast diffusion, alginate gels maintain sufficient mechanical strength and stability to house cells. Studies have confirmed that alginate hydrogel can be chemically altered to modify its degradation profile, enhance cell binding, 53 or to incorporate several growth factors, making it a drug delivery vehicle.
The alginate gels can be prepared by ionic crosslinking, the diffusion method, or the internal gelation method. These methods differ in the way the crosslinking ion is introduced and hence the gelling kinetics of the 2 methods is very different. 54, 55 The diffusion method is characterized by allowing calcium (or other divalent ions) to diffuse from an outer reservoir into the alginate solution. Although this method is widely used in the food industry, it has also become popular as an immobilization technique. The method is rapid and results in an inhomogeneous distribution of alginate as discussed in the section covering alginate beads. Furthermore, the internal gelation method is based on the mixing of an inactive form of the cross-linking ion with alginate solution. [53] [54] [55] Two different types of degradation processes have been shown for hydrogel networks, surface erosion, and bulk erosion. 56 Usually, surface erosion occurs when the rate of water diffusion into a specimen is slower than the hydrolysis reaction; then water will be adsorbed on the surface before it can diffuse into the bulk of the hydrogel specimen. Bulk erosion occurs when the rate of water diffusion into the specimen is much faster than the hydrolysis reaction. 56, 57 Hydrogels can mimic the mechanical properties of the extracellular matrix because of the low elastic modulus of alginate. In addition, modifying the mechanical strength of hydrogel biomaterials based on the concentration and type of cross-linking ion and the gelling environment is relatively easy. For instance, hydrogels that are rich in G units exhibit greater elasticity and mechanical strength than alginate hydrogels that are rich in M unit content.
Because of the unique properties of alginates, such as hydrophilicity, biocompatibility, and low production cost, they are widely used in biomedical applications (wound dressings, drug delivery devices, cell encapsulations, angiogenesis, and tissue engineering). 56, 57 The degradation of alginate hydrogels can be modified and controlled by oxidizing the alginate with sodium periodate. By modifying the chemistry of the alginate hydrogels and, therefore, the degradation of the biomaterial, they can be considered as promising cell and drug delivery devices. [55] [56] [57] Several types of cells have been reported to maintain their morphology in alginate hydrogel scaffolds. 56 Chondrocytes have been successfully encapsulated in alginate scaffolds and have been differentiated toward chondrogenic tissues. 57 Additionally, hepatocytes have been encapsulated in alginate hydrogel as a 3-dimensional scaffold and encapsulated cells were found to grow in alginate scaffolds. The results of these studies showed that hepatocytes encapsulated in alginate hydrogel had the ability to secrete albumin, which indicates proper cell function. 58 Other studies 59, 60 have reported the encapsulation of different types of cells such as cardiomyocytes, rat marrow cells, and Schwann cells in hydrogel scaffolds. Also, fetal rat myocytes cultured on porous alginate hydrogel disks have been used for successful cardiac tissue regeneration without any immunorejection. 60 Microencapsulation systems are one of the most popular strategies in tissue engineering. Hydrogels and specifically alginate are quite promising because of the ease of infusion of nutrients and oxygen between encapsulated stem cells within the alginate hydrogels and the microenvironment while the encapsulated stem cells stay within the 3-dimensional matrix. The alginate microspheres can be injected at the time of transplantation and can be used as drug delivery devices, making them the materials of choice for many biomedical applications. [61] [62] [63] Our group and others [64] [65] [66] [67] [68] [69] [70] have confirmed that alginate hydrogel scaffold can be considered as a promising encapsulating biomaterial for dental-and orofacialderived MSCs, including GMSCs and PDLSCs (Fig. 2) . Alginate hydrogel microspheres encapsulating dentalderived MSCs are a promising and effective treatment in craniofacial tissue engineering. Alginate microspheres can fill the gaps of irregularly shaped defects, enabling minimally invasive surgical procedures. Moshaverinia et al [65] [66] [67] used alginate hydrogel for the first time as a scaffold for PDLSCs and GMSCs. In their studies, they developed an injectable alginate hydrogel delivery system for PDLSCs and GMSCs. Encapsulated dental-derived MSCs encapsulated in alginate hydrogel microspheres exhibited high levels of viability and capacities for differentiation toward osteogenic tissues in vitro and in vivo. Because of the biodegradability of alginate hydrogel, an additional clinical visit to remove the scaffold can be eliminated. Alginate hydrogel scaffold is capable of enhancing hard and soft tissue regeneration to accomplish minimally invasive dental and orthopedic surgeries. Additionally, alginate microspheres can be successfully applied in the controlled delivery of signaling molecules and growth factors. Moshaverinia et al 68 developed a novel codelivery system based on transforming growth factor (TGF)-b1-loaded alginate microspheres encapsulating PDLSCs and GMSCs for cartilage regeneration applications. These studies showed in in vitro and in vivo models that codelivery alginate microencapsulation systems are promising for highquality cartilage regeneration. The developed system is a straightforward and readily manipulated means to encapsulate dental MSCs in alginate hydrogel. They provide a 3-dimensional, injectable, and biodegradable cell delivery scaffold for cartilage tissue engineering. Moreover, Moshaverinia et al 69 confirmed that PDLSCs and GMSCs encapsulated in biodegradable and injectable alginate hydrogel scaffold containing appropriate inductive signals (TGF-b3) can be used as an alternative treatment in tendon tissue engineering. MSC and alginate constructs were able to effectively differentiate and organize their extracellular matrix into tendon tissue.
More recently, Ansari et al 70 confirmed that GMSCs, when encapsulated in an alginate hydrogel microencapsulation system with multiple growth factor delivery capacity (loaded with myogenic growth factors), can be used in the repair and regeneration of muscular tissues.
They also reported that the GMSC/alginate hydrogel construct could be considered a promising candidate for vascularized tissue engineering. Based on the results of this study, GMSCs appear be an advantageous alternative therapeutic approach for tongue muscle repair and regeneration.
CONCLUSIONS
Stem cell-mediated tissue regeneration presents an immense opportunity for the entire medical field. It can lead to the regeneration of damaged tissues, aid in tissue grafting, or assist with bone reconstruction if grafting is not feasible. The applications of hydrogeldelivered MSCs for craniofacial tissue regeneration are wide, ranging from regenerating bone lost to oral disease to tissue reconstruction if the patient does not want a graft. The advantages of the application of the alginate microencapsulation system are the straightforward chemistry, ease of use for dental-derived MSC encapsulation, injectability, and biodegradability, introducing a 3-dimensional, cell delivery scaffold for craniofacial tissue engineering. However, these applications come with the challenges inherent in any new clinical procedure.
